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Cholinergic and serotonergic fiber systems invade the devel-
oping visual cortex several weeks before eye opening; both
transmitters have been implicated in plasticity of neocortical
circuits. These transmitters have been presumed to act pre-
dominantly through second messenger-coupled receptors, be-
cause fast cholinergic or serotonergic neurotransmission has
never been observed in neocortex. However, acetylcholine and
serotonin also act on ligand-gated ion channels; the nicotinic
acetylcholine receptor and the serotonin 5-HT; receptor, re-
spectively. Here, using whole-cell patch-clamp techniques in
developing ferret visual cortex, we pharmacologically isolated
fast, spontaneous, and evoked cholinergic and serotonergic

synaptic events in pyramidal cells and interneurons of all cor-
tical layers. The number of cells receiving such inputs increased
with the ingrowth of thalamic afferents, and the frequencies of
the spontaneous events increased at eye opening. Thus, both
acetylcholine and serotonin can mediate fast synaptic trans-
mission in the visual cortex; the early onset of these mecha-
nisms suggests a role during initial stages of circuit formation
and during subsequent experience-dependent remodeling of
cortical connections.
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Beginning at embryonic stages the mammalian neocortex is
densely innervated by cholinergic, serotonergic, and noradrener-
gic brainstem afferents. Their presence suggests roles for these
neuromodulators in circuit formation and synaptogenesis. These
systems undergo laminar rearrangements during cortical devel-
opment (D’Amato et al., 1987; Henderson, 1991; Voigt and De
Lima, 1991a,b; Shaw et al., 1984, 1986) and, especially in rodents,
are associated with the layout of thalamocortical projections in
primary sensory areas (D’Amato et al., 1987; Fuchs, 1989; Schlag-
gar and O’Leary, 1994; Broide et al., 1995). These transmitters
have indeed been repeatedly implicated in the plasticity of neo-
cortical circuits, modulating ocular dominance columns (Kasa-
matsu and Pettigrew, 1976; Bear and Singer, 1986; Imamura and
Kasamatsu, 1989; Gu and Singer, 1993, 1995; Liu et al., 1994) and
thalamocortical and intracortical synaptic transmission (Broecher
et al., 1992; Vidal and Changeux, 1993; Read et al., 1994; Rhoades
et al., 1994). Cholinergic transmission in particular may play a
critical role during visual system development. Cholinergic syn-
aptic currents, mediated by nicotinic receptors, trigger propaga-
tion of spontaneous waves of excitation in developing ferret
retinal ganglion cells (Feller et al., 1996), which may shape con-
nectivity in other regions, including visual cortex. Moreover,
thalamic fiber ingrowth triggers nicotinic acetylcholine receptor
expression in cortical neurons (Broide et al., 1996), suggesting a
role in the development of thalamocortical projection patterns.
The classical concept of the function of cholinergic and mono-
aminergic afferents in the CNS emphasizes their interactions
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with second messenger coupled receptors (Hasselmo, 1995), and
many of their functions in the developing nervous system are
indeed mediated via G-protein-coupled postsynaptic receptor
types (Gu and Singer, 1993, 1995; Liu et al., 1994). However, both
acetylcholine and serotonin can also activate fast, ionotropic
receptor subtypes. The predominant physiological role of these
receptors, the nicotinic acetylcholine receptor and the serotoner-
gic 5-HT; receptor, is generally considered to be presynaptic
modulation of transmitter release (Kawa, 1994; Role and Berg,
1996). Neuronal nicotinic ACh receptors facilitate the release of
various neurotransmitters (Role and Berg, 1996) including gluta-
mate in the prefrontal cortex (Vidal and Changeux, 1993); sero-
tonin 5-HTj; receptor activation, on the other hand, increases
GABA release in hippocampal interneurons (Kawa, 1994).

Despite the prominent cholinergic and serotonergic fiber sys-
tems in neocortex, fast events mediated by these neurotransmit-
ters have not been detected, although there have been occasional
observations of fast postsynaptic transmission in other regions of
the adult mammalian CNS (Sugita et al., 1992, Zhang et al,,
1993). Using whole-cell recording techniques and optical record-
ing of synaptic activity in slices of developing ferret primary
visual cortex, we uncovered fast postsynaptic currents mediated
by both acetylcholine and serotonin. This adds a new avenue for
the action of these neurotransmitters in addition to their second
messenger-mediated effects.

MATERIALS AND METHODS

Animals and dissection. Postnatal ferrets [postnatal day 6 (P6)-P57;
Marshall Farms, New Rose, NY] were deeply anesthetized with Nem-
butal (100 mg/kg, i.p.) and decapitated. Coronal slices (400-500 wm
thickness) of primary visual cortex were prepared using a Vibratome
(Ted Pella, Inc., Redding, CA). Dissections were made in artificial CSF
(ACSF; containing, in mM: 248 sucrose, 5 KC1, 5.3 KH,PO,, 1.3 MgSO,,
3.2 CaCl,, 10 dextrose, 25 NaHCOj, and 1 kynurenic acid) oxygenated
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with a mixture of 95% O, and 5% CO,, pH 7.4, chilled to 4°C. Slices
were maintained in an interface chamber at a temperature of 33°C and in
an atmosphere of 95% CO,/5% O, as described previously (Durack and
Katz, 1996). Sucrose ACSF was replaced with standard ACSF (in mm:
125 NaCl, 5 KCl, 5.3 KH,PO,, 1.3 MgSO,, 3.2 CaCl,, 10 dextrose, and
25 NaHCOs;) after 1 hr. For patch-clamp and optical recording individ-
ual slices were transferred to a recording chamber and continuously
superfused with ACSF at room temperature.

Electrophysiology. Electrophysiological recordings were performed us-
ing standard whole-cell patch-clamp methods (Blanton et al., 1989). The
intracellular solution consisted of (in mm): 110 D-gluconic acid, 110
CsOH, 11 EGTA, 10 CsCl, 1 MgCl,, 1 CaCl,, 10 HEPES, 1.8 GTP, and
3 ATP, pH 7.2, and contained 0.5% N-(2-aminoethyl)biotinamide (Neu-
robiotin; Molecular Probes, Eugene, OR). Voltage-clamp recordings
were conducted using an Axopatch 1D amplifier (Axon Instruments).
Unless specified otherwise the holding potential was —60 mV. Record-
ings were filtered at 1 kHz and digitized at 2.5-4 kHz using a TL-1
analog to digital converter in conjunction with pClamp 5.5.1 software
(Axon instruments). Series resistances ranged from 11 to 17 M(; a
30-50% compensation was usually achieved using the amplifier adjust-
ments. To exclude nonspecific effects of antagonists, etc., only cells with
a stable holding current over the entire recording period were included
in the analysis. The frequency of spontaneous synaptic currents was
determined from 1-6 min continuous recordings. Cumulative probability
plots were used to analyze amplitude and frequency distributions of
synaptic currents. The amplitude and interevent interval distributions
before and after addition of receptor selective antagonists were com-
pared using a one-way ANOVA.

Synaptic currents were electrically evoked via a bipolar stimulation
electrode positioned at the layer 6—white matter border (pulse duration,
100 psec; amplitude, 130-600 wA). The slice was stimulated at a fre-
quency of 0.1 Hz. Five to 28 synaptic responses were averaged for further
analysis. Slices were fixed in 4% paraformaldehyde in PBS, pH 7.4, for
subsequent histological processing of neurobiotin-filled cells. Labeled
cells were visualized by standard immunoperoxidase staining techniques
(Durack and Katz, 1996).

Characterization of postsynaptic responses using photostimulation. Scan-
ning laser photostimulation (Dalva and Katz, 1994) was used for a fast,
direct activation of glutamate, GABA, and acetylcholine receptors on
recorded neurons. Slices were incubated in the a-carboxy-2-nitrobenzyl
(CNB)-caged forms of (in uM): 150 glutamate, 300 GABA, or 200-400
carbamylcholine, all from Molecular Probes. Active neurotransmitters
were liberated from the caged precursors by 2—-10 msec illumination with
UV light (351-364 nm) delivered by a 50 mW continuous-wave argon ion
laser (Coherent Enterprise model 622). To prevent synaptic activation,
recordings were done in the presence of 3 um TTX. Usually a small map
(500 X 500 um) of direct activation was recorded around the cell body at
a 50 um spacing (2 sec interval between flashes). The same positions
were stimulated under control conditions and after application of
receptor-selective antagonists.

RESULTS

The results of our study are presented in two major sections. We
first describe the pharmacology and biophysical properties of
spontaneous and evoked cholinergic and serotonergic synaptic
currents. We then examine the cell type and laminar specificity of
these currents and relate developmental changes in their frequen-
cies and in the percentage of cells showing these inputs to
particular maturational stages of the ferret visual system.

Acetylcholine and serotonin mediate fast spontaneous
synaptic events in the developing ferret visual cortex

To determine whether acetylcholine and serotonin contribute to
fast synaptic transmission in the ferret visual cortex, we used
whole-cell and optical recording techniques to monitor synaptic
activity in cortical slices. Whole-cell recordings of spontaneous
synaptic activity were made from 152 neurons in slices prepared
from animals aged between P8 and P37. We used a physiological
chloride gradient allowing inhibitory and excitatory synaptic cur-
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rents to be distinguished by changing the holding potential. Un-
der these conditions inhibitory currents reversed near —30 mV,
whereas glutamatergic synaptic events reversed near 0 mV. To
isolate nicotinic and serotonergic currents pharmacologically, glu-
tamatergic and GABAergic synaptic transmission were blocked
by bath application of the NMDA receptor antagonist bD-APV (20
UM, a concentration that has been shown to be more than suffi-
cient to block NMDA receptor-mediated responses both in vitro
and in vivo; Davis, 1992), the non-NMDA glutamate receptor
antagonist CNQX (50 um), and the GABA 4 receptor antagonists
picrotoxin (50 um) and bicuculline methiodide (20-50 uMm). In-
teractions of these antagonists with nicotinic acetylcholine or
5-HT; receptors have never been observed, which makes them
appropriate tools for isolating cholinergic and serotonergic syn-
aptic currents. GABA, receptor-mediated events were com-
pletely suppressed by 50 um picrotoxin. After bath application of
these antagonists, residual excitatory spontaneous synaptic activ-
ity was recorded in 40% of cortical neurons between P18 and P37
(18 of 45 tested cells). These synaptic currents were completely
abolished by 50-100 uM D-tubocurarine, a nicotinic acetylcholine
receptor antagonist, suggesting the presence of fast synaptic
transmission via neuronal nicotinic acetylcholine receptors in
developing ferret visual cortex. The 18 cells displaying
tubocurarine-sensitive synaptic events included pyramidal neu-
rons from layer 2/3 (n = 8), layer 5 (n = 7), and layer 6 (n = 2),
and one layer 4 stellate cell.

p-Tubocurarine is relatively nonselective, affecting both sero-
tonin 5-HT; receptors and GABA, and glycine receptors in
addition to nACh receptors. Consequently, more selective antag-
onists were used for analysis of these currents in 107 additional
cortical neurons. Between P8 and P12, before ingrowth of tha-
lamic afferents into the developing cortical plate, 23% of tested
cells (n = 26) had spontaneous synaptic events suppressed by the
selective nACh receptor antagonist dihydro-B-erythroidine
(DHBE, 100 wM; Figs. 1, 2B). The muscarinic antagonist atropine
(100 uMm) did not affect these events. Nicotinic events were also
blocked by a-cobrotoxin (100-200 nMm, n = 7), whereas o-
bungarotoxin (100-200 nm, » = 6) had no effect, even if applied
for >30 min. This indicates that the nicotinic receptor subtypes
expressed by developing cortical neurons are not the «7-9
subunit-containing receptors that are blocked by a-bungarotoxin
(Role and Berg, 1996; Weaver and Chiapinelli, 1996). Spontane-
ous cholinergic synaptic currents reversed between +15 and +40
mV (mean, +23.8 mV; SEM 8.6 mV; n = 4; Fig. 24), consistent
with the prominent Ca*" permeability described for neuronal
nACh receptors (Sargent, 1993). A smaller fraction of the re-
corded neurons (8%) exhibited spontaneous serotonergic synap-
tic currents blocked by the 5-HTj; receptor antagonist 3-tropanyl-
indole-3-carboxylate-methiodide (ICS) 205-930 (Fig. 3A4).
Serotonergic EPSCs reversed near +10 mV (n = 2). The majority
of cells receiving these inputs showed either cholinergic or sero-
tonergic events; however, in a small fraction of neurons (four
cells) both types of synaptic currents were observed.

We next examined the magnitude range of these previously
undescribed synaptic events (Fig. 4). Amplitudes of cholinergic
EPSCs ranged from 5 pA to ~70 pA, whereas serotonergic events
were smaller, ranging between 4 and 30 pA. Thus, cholinergic
EPSCs were almost the size of glutamatergic events (~10-150
pA in P40 ferret cortex), suggesting that they could make a
significant contribution to excitatory transmission, whereas the
contribution of the smaller, 5-HT; receptor-mediated events may
be less significant. Although cholinergic synaptic currents were
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Figure 1. Pharmacology of spontaneous synaptic currents mediated by
neuronal nicotinic acetylcholine receptors. 4, Spontaneous synaptic cur-
rents recorded from a P22 layer 5 pyramidal neuron in the presence of
GABA and glutamate receptor antagonists. B, These events were abol-
ished by the selective nicotinic acetylcholine receptor antagonist DHBE
(100 uMm). C, Cumulative amplitude distribution for cholinergic events
recorded from the cell shown in B. Addition of DHBE shifted the
distribution to the left (p < 0.001, one-way ANOVA; number of events
analyzed = 66 and 13), indicating that the few remaining events represent
a different type of input. Remaining synaptic activity in the presence of
DHBE was abolished by addition of the 5-HT; receptor antagonist ICS
205-930. D, Cumulative frequency distribution of cholinergic events.
Addition of DHBE shifted the distribution toward longer interevent
intervals (p < 0.001, one-way ANOVA; number of events analyzed = 66
and 11). PTX, Picrotoxin.

slightly larger in older animals, amplitude distributions for both
types of synaptic input remained similar between P8 and P37.
Bath application of tetrodotoxin (3 uM) abolished both types of
synaptic currents, implying that the spontaneous synaptic events
were action potential evoked. Miniature EPSCs did not signifi-
cantly contribute to the spontaneous activity under our recording
conditions.

Direct activation of postsynaptic receptors using laser

scanning photostimulation

To verify that the concentrations of glutamate and GABA recep-
tor antagonists used to isolate spontaneous cholinergic and sero-
tonergic synaptic currents were sufficient to block all postsynaptic
glutamate and GABA, receptors, we directly activated postsyn-
aptic receptors in the presence of TTX (3 uM) using photo-
uncaging of CNB-caged glutamate (150 um) and GABA (300
uM). Photostimulation rapidly evokes postsynaptic responses and
reduces the problems associated with desensitization and diffu-
sional access (Nerbonne, 1986).
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Figure 2. A, The amplitude of cholinergic EPSCs depends on holding
potential. Cholinergic PSCs reversed between +10 and +20 mV. B,
Pharmacologically isolated cholinergic EPSCs recorded from the cell
shown in A were abolished by DHBE. PTX, Picrotoxin.

The direct responses of the recorded neurons were mapped
in a 500 X 500 wm area around the recording pipette (Dalva
and Katz, 1994). The same stimulation pattern was used in the
presence of 20 um D-APV and 50 um CNQX or 50 uM picro-
toxin in the bath, respectively. Figure 5 shows sample record-
ings from the area of greatest response, which is at or near the
cell body. Glutamate receptor-mediated currents were re-
corded from eight cells (four layer 2/3 pyramidal cells, three
layer 5 pyramidal cells, and one layer 4 aspiny stellate cell) in
slices from P22-P30 ferrets at a holding potential of —60 mV.
Application of 20 um D-APV considerably reduced the gluta-
mate response in all tested cells (Fig. 54), consistent with a
large NMDA receptor-mediated component of glutamatergic
postsynaptic currents during early postnatal development of
the neocortex (Carmignoto and Vicini, 1992). Subsequent ad-
dition of 50 mM CNQX completely abolished the glutamate
response in all recorded neurons (Fig. 54), demonstrating that
the concentrations of glutamate receptor antagonists used in
this study were sufficient to block all postsynaptic glutamate
receptors. Responses to photo-uncaging of CNB-GABA were
recorded from six neurons (three layer 2/3 pyramidal cells, two
layer 5 pyramidal cells, and one layer 6 pyramidal cell) at a
holding potential of =20 mV. GABA 4 receptor-mediated cur-
rents were completely blocked by 50 uM picrotoxin in all tested
cells (Fig. 5B). These results confirm that these receptor-
selective antagonists block fast glutamatergic and GABAergic
synaptic transmission, allowing us to isolate nicotinic and
serotonergic synaptic events. Because photostimulation pro-
vided us with a fast and reliable assay to test postsynaptic
receptor activation, we also used caged carbamylcholine (200-
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Figure 3. Spontaneous serotonergic EPSCs. A4, C D
Spontaneous synaptic activity recorded from a 1.0 1.0
layer 4 interneuron. B, Synaptic currents were
blocked by bath application of the 5-HT}; recep- 508 508
tor antagonist ICS 205-930. C, Cumulative am- & ’ ) ’
plitude distribution of serotonergic EPSCs. Ad- 2 g
dition of the 5-HT; receptor antagonist ICS 205- g06 50.6
930 (10 nm) shifted the distribution to the left i \C
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400 pMm) to activate nicotinic acetylcholine receptors directly
(Denk, 1994; Denk at al., 1994). Small inward currents (5-48
pA) were recorded in 10 cells of 21 tested (five layer 2/3
pyramidal cells, three layer 5 pyramidal cells, one layer 6
pyramidal cell, and one layer 4 spiny stellate cell, ages P24—
P31). These responses were blocked by 100 um DHBE (n = 2;
Fig. 5D), demonstrating that they were mediated by postsyn-
aptic neuronal nicotinic receptors.

Evoked synaptic responses

The spontaneous synaptic currents probably originate from the
afferent fiber systems arising from the basal forebrain nucleus
magnocellularis and the brainstem raphe nuclei, respectively.
The only alternative explanation for the occurrence of spon-
taneous nicotinic and 5-HT; receptor-mediated EPSCs would
be the presence of spontaneously firing intracortical cholin-
ergic or serotonergic neurons. However, such cells have not
been observed in ferret cortex (Henderson, 1991; Voigt and De
Lima, 1991a). We therefore assume that the severed fibers
retain their ability to fire action potentials and release trans-
mitter under in vitro conditions.

Cholinergic and serotonergic synaptic currents could also be
electrically evoked, presumably by activating these fiber path-
ways in the slice. In 16 of 35 cells tested, electrical stimulation
(150-600 nA, 100 usec pulse duration, 0.1 Hz) of the white
matter per layer 6 boundary evoked postsynaptic currents in
the presence of glutamate and GABA antagonists (Figs. 6, 7).
The stimulation strength was gradually increased in each case,
and the maximal stable response was used to average record-
ings and to conduct pharmacological experiments. In four cells
the evoked currents were abolished by the 5-HT; receptor
antagonist ICS 205-930 (Fig. 7C). Electrically evoked seroton-
ergic currents were small (8-25 pA at —60 mV). Amplitudes of

20 40 12
Amplitude (pA) Inter-Event Interval (s)

isolated cholinergic inputs (recorded in the presence of ICS
205-930) ranged from 5 pA in very young animals (P8—P20) to
~60 pA in more mature animals (P30-P38). Evoked cholin-
ergic currents were blocked by DHBE (50-100 uM) and a-
cobrotoxin (100-200 nm) but were unaffected by a-
bungarotoxin (100 nm), a pharmacological profile similar to the
spontaneous synaptic currents (Fig. 6).

Cholinergic and serotonergic synaptic currents occur
in both pyramidal cells and interneurons

We next asked whether fast cholinergic or serotonergic synaptic
currents showed a cell type and/or laminar specificity. Most
recordings were from pyramidal cells located in layers 2/3 or 5/6.
However, 13 layer 4 interneurons, mostly spine-free stellate cells,
were included in our sample. Spontaneous or evoked cholinergic
synaptic currents were observed in pyramidal cells of all layers as
well as in stellate cells (Figs. 1, 6). Serotonergic EPSCs were
observed in supragranular and infragranular layer pyramidal cells
and in layer 5/6 bipolar interneurons (n = 2; Figs. 3, 7). We
attribute the apparent absence of fast serotonergic synaptic input
in layer 4 to the small sample of layer 4 neurons rather than to an
actual lack of 5-HT; receptor expression or serotonergic termi-
nals in this laminar location.

The developmental time course of nicotinic and
serotonergic synaptic currents correlates with

distinct events during the development of the

ferret visual system

Cholinergic and serotonergic synaptic currents showed similar
developmental time courses (Fig. 8, Tables 1, 2). The percentage
of cells with these synaptic currents increased between P§—P12
and P14-P20 (Fig. 84, B), which is well before eye opening (~P32
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Figure 4. Amplitude distribution of spontaneous cholinergic and serotonergic synaptic currents. Spontaneous EPSCs were completely abolished in the
presence of TTX (3 uM); distributions thus do not represent miniature synaptic currents but most likely action potential-evoked events. 4, Spontaneous
serotonergic currents recorded from a P8 interneuron. B, Serotonergic events recorded from a P27 layer 3 pyramidal cell. C, D, Spontaneous nicotinic
EPSCs recorded from a P30 layer 5 pyramidal cell (C) and a P15 layer 2/3 pyramidal cell (D). All events were recorded in the presence of glutamate

and GABA receptor antagonists and DHBE (100 um) or ICS (10 nm).

in the ferret). The frequencies of spontaneous cholinergic and
serotonergic synaptic currents, on the other hand, increased
steeply between P28 and P30-P37 (Fig. 8C,D), which coincides
with eye opening. During this period, the mean frequency of
cholinergic EPSCs significantly increased over fourfold (from
0.22 =0.05 Hz; n = 12; between P21 and P28, to 0.96 =0.27 Hz;
n = 5; p = 0.029, two-tailed ¢ test), and the mean frequency of
serotonergic synaptic events significantly increased sixfold (from
0.25 £0.07; n = 9, to 1.41 =1.11 Hz; n = 6; p < 0.05, two-tailed
t test) (Fig. 8C,D).

DISCUSSION

Although nicotinic transmission mediated by postsynaptic recep-
tors is well established in peripheral structures (Elgoyen et al.,
1994; Role and Berg, 1996; Zhang et al., 1996) as well as in the
spinal chord (Belcher and Ryall, 1977) only a few previous studies
have demonstrated fast synaptic transmission mediated by acetyl-
choline or serotonin in CNS regions (Sugita et al., 1992; Zhang et
al., 1993; Feller et al., 1996). Thus, the predominant physiological
role of nicotinic acetylcholine receptors in the CNS seems to be

presynaptic regulation of transmitter release (McGehee et al.,
1995; Role and Berg, 1996).

Although nicotinic receptors and serotonin 5-HT; receptors
are expressed in the neocortex (Parkinson et al., 1988; Tecott et
al., 1993; Weavers et al., 1994; Bina et al., 1995; Lobron et al.,
1995; Nakayama et al., 1995), and widespread cholinergic and
serotonergic innervations are found in the majority of cortical
areas, no indication of fast transmission mediated by these trans-
mitters has been reported previously. However, using single-cell
patch-clamp recordings of spontaneous and evoked activity, we
were able to demonstrate that both nicotinic acetylcholine and
ionotropic serotonin receptors contribute to fast excitatory syn-
aptic transmission in all layers of the developing ferret visual
cortex.

The fact that we detected these currents that have never been
observed previously in a cortical slice preparation may seem
surprising at first sight, because numerous investigators have
failed to observe such synaptic events. One possible explanation is
the choice of species, because nicotinic cholinergic mechanisms
seem to play an important role in the development of the ferret
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Figure 5. Activation of postsynaptic receptors by photo-uncaging of (in
uM): 150 CNB-glutamate, 300 GABA, and 400 carbamyl choline. A4,
Glutamate receptor-mediated currents from a P22 pyramidal cell. In most
tested neurons a large fraction of the glutamate response was carried by
NMDA receptors. Glutamate receptor-gated currents were completely
suppressed by 20 uM D-APV and 50 um CNQX. B, GABA, receptor-
mediated response from a P20 pyramidal cell. GABA , receptor-mediated
currents were abolished by 50 uMm picrotoxin (P7X). C, Uncaging of
CNB-carbamylcholine evoked inward currents that were completely
blocked by 50-100 mm DHBE.

visual system (Feller et al., 1996). Moreover, few studies have
examined nonrodent species, and these events may be more
prevalent in carnivores. In addition, these synaptic events oc-
curred in a minority of cells and were typically of small ampli-
tude; the contributions of these types of synaptic transmission in
rat or mouse cortical slices might have escaped detection. An-
other issue is the viability of the severed cholinergic and seroton-
ergic afferents and the release probability of their terminals in a
slice preparation; again, species differences and methodological
differences could be significant.

Relationship between the development of cholinergic
and serotonergic synaptic responses and afferent
innervation patterns

Cholinergic fiber density in developing ferret visual cortex
increases considerably between P7 and P37, with highest fiber
densities in the middle and lower cortical layers (Henderson,
1991). The densest serotonergic innervation, on the other
hand, is found in layers 1 and 2/3 in adult ferret area 17 (Voigt
and De Lima, 1991b). During early postnatal development,
when upper layer neurons are still migrating, the subplate and
the lower portion of the cortical plate are most heavily inner-
vated. After cell migration ceases during the third postnatal
week, the innervation density is almost uniform across the
cortical layers; with further maturation, serotonergic fibers are
successively confined to the supragranular layers (Voigt and
De Lima, 1991b).

Despite these developmental changes in the morphological
pattern of cholinergic and serotonergic input fibers in the
ferret cortex (Henderson, 1991; Voigt and De Lima, 1991b), we
detected no significant alterations in the laminar distribution
of synaptic responses. However, because developmental
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Figure 6. Pharmacology of evoked cholinergic synaptic responses. A,
Electrical stimulation of the Layer 6—white matter boundary elicited small
synaptic currents that were reversibly reduced by the nicotinic antagonist
DHBE (100 um). Recordings in A were obtained from a P23 pyramidal
cell (B) in the presence of 20 uM D-APV, 50 um CNQX, and 50 pum
picrotoxin (PTX). Each trace in A represents the average of 14-20 traces.
The small peaks occurring with a longer latency than the initial response
may represent activation of a different set of fibers or spontaneous
synaptic activity.

changes in the contribution of serotonergic and cholinergic
inputs to fast synaptic transmission are determined by both
changes in afferent fiber density and nicotinic acetylcholine
and 5-HT; receptor expression, respectively, a more detailed
knowledge of receptor expression patterns in the ferret visual
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Figure 7. Serotonergic synaptic currents
Control 10 pA evoked by electrical stimulation. 4, Evoked
ontro - serotonergic responses recorded at different
100 ms holding potentials from a layer 5 pyramidal
neuron (D). B, I-V plot of evoked serotoner-

cortex is required for a final interpretation of our findings. So
far there are also no data available on laminar-specific, devel-
opmental changes in muscarinic responses or effects of other,
G-protein-coupled, serotonin receptors in ferret visual cortex.
This leaves open the possibility that effects of these receptor
systems may follow the innervation patterns more closely than
those of the ionotropic receptors. In addition, the cholinergic
and serotonergic innervations of the ferret visual cortex are
very dense in layer 1 (Henderson, 1991; Voigt and De Lima,
1991a,b), and serotonergic synapses seem to be preferentially
formed on distal dendrites of both interneurons and pyramidal
cells (De Lima et al., 1988). Thus the lack of layer specificity
may be partially explained by a widespread, distal input to
apical dendrites affecting pyramidal neurons of all layers. The
cholinergic contribution to fast excitatory transmission is more
prominent than the serotonergic component at all ages, which
also might be attributed to differences in postsynaptic receptor
densities. It has furthermore been suggested that despite its
early morphological maturation, cholinergic function of the
basal forebrain afferents begins later, because choline acetyl-
transferase immunoreactivity does not reach mature levels
until 3 weeks after birth (Henderson, 1991). However, because
we recorded nicotinic synaptic activity as early as P8, cholin-
ergic afferents must be at least partially functional at earlier
developmental stages.

Possible functions of ionotropic acetylcholine and
serotonin receptors during neocortical development
Nicotinic acetylcholine as well as 5-HT; receptors have a unique
constellation of biophysical properties that might determine their
role in the regulation of developing circuits. The 5-HT; serotonin
receptor exhibits voltage-dependent regulation by Mg?* and
Ca?" ions (Kawa, 1994), giving it properties of an NMDA

gic PSCs shown in A. Peak currents were
measured to generate the I-V plot. C, Elec-
trically evoked serotonergic responses were
also suppressed by ICS 205-930.

receptor-like coincidence detector. Depending on subunit com-
position, nicotinic acetylcholine receptors have calcium perme-
ability greater than that of NMDA receptors (Pugh and Berg,
1994; Rathouz and Berg, 1994; Role and Berg, 1996). Given the
many regulatory roles of intracellular calcium elevation, in short-
and long-term synaptic plasticity (Ghosh and Greenberg, 1995),
regulation of neuronal process outgrowth, and regulation of ion
channels, receptors, and enzyme activities as well as transcrip-
tional cascades (Gallin and Greenberg, 1995), nicotinic and sero-
tonergic receptor activation are poised to participate in the reg-
ulation of cortical plasticity through diverse pathways. In addition,
nACh receptors presynaptically regulate the release of the con-
ventional fast transmitters glutamate and GABA (Role and Berg,
1996), which further implicates them in regulating synaptic func-
tion in developing and mature cortex.

Most studies addressing the effects of acetylcholine on cortical
plasticity have involved muscarinic mechanisms. Intracortical in-
fusion of nicotinic antagonists in kitten visual cortex did not affect
ocular dominance changes in response to monocular deprivation,
whereas muscarinic receptor blockade has been reported to re-
duce ocular dominance plasticity (Gu and Singer, 1993). The
receptors involved in the facilitory effects of acetylcholine on
visually or electrically evoked responses in vivo remain contro-
versial; in cat visual cortex both exclusively muscarinic effects
(Sato et al., 1987) and a nicotinic contribution to the modulation
of response properties of cortical neurons have been reported
(Parkinson et al., 1988). The nicotinic effect has been attributed
to presynaptic nicotinic receptors located on thalamocortical af-
ferents (Parkinson et al., 1988).

Muscarinic modulations of plasticity thresholds have been
attributed to a reduction of potassium conductances resulting
in increased synaptic activation and a modulation of intracel-
lular Ca?" levels (Gu and Singer, 1993). Nicotinic receptors,
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Table 1. Laminar and age distribution of cells showing cholinergic
EPSCs

Age group/layer 2/3 4 5 6
P8-P12 1 2 3

P14-P20 3 4 2 2
P21-P28 4 1 2 2
P30-P37 2 2 1

Numbers include pyramidal cells and interneurons.

on the other hand, can potentially regulate neocortical circuit
functioning both by a presynaptic regulation of transmitter
release and by directly activating postsynaptic cells. Our results
indicate that the latter function is more significant than be-
lieved previously.

The function of ionotropic serotonin receptors in the visual
cortex has not been investigated previously. Because serotonergic
synaptic currents occurred in both interneurons and pyramidal
cells, their functions are likely to be more heterogeneous than in
the hippocampus, where 5-HT; receptor activation exclusively
excites interneurons (Kawa, 1994).

P8-12 P14-20 P21-28 P30-37

3.0

Mean freq. of serotonergic EPSCs (Hz)

P8-12 P14-20 P21-28 P30-37
n=12 n=5 n=3 n=6 n=9 n=6

Table 2. Laminar and age distribution of neurons showing serotonergic
EPSCs

Age group/layer 2/3 4 5 6
P8-P12 1 1 1
P14-P20 2 2 2
P21-P28 4 2 1
P30-P37 2 3 1

Correlation with different stages of visual

system development

The number of cortical target neurons in which cholinergic and
serotonergic afferents contribute to fast excitatory synaptic trans-
mission increased during the third postnatal week, at which time
thalamic fibers invade the differentiating cortical plate. This sug-
gests upregulation of cholinergic and serotonergic transmission by
the ingrowing thalamic afferents, probably attributable to induc-
tion of receptor expression, as observed previously in rat somato-
sensory cortex (Broide et al., 1996). A significant frequency in-
crease of cholinergic and serotonergic synaptic currents, on the
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other hand, occurs later in postnatal development, which coin-
cides with the onset of visual experience. Because we lack any
experimental evidence for a causal relationship between these
events, we can only describe a temporal correlation here. How-
ever, our data suggest that fast postsynaptic transmission medi-
ated by nicotinic acetylcholine receptors and serotonin 5-HT,
receptors might be particularly important during the formation of
the thalamocortical projection as well as during the period of
experience-dependent circuit remodeling. Both receptor types
depolarize both glutamatergic and GABAergic neurons, and nic-
otinic receptors also presynaptically regulate transmitter release.
Thus these systems might provide an additional, fast mechanism
to set or adjust excitability levels or modulate the inhibition or
excitation ratio that operates on top of the modulatory action of
the second messenger-coupled receptor types. Further experi-
mental testing is required to clarify whether this contributes to
the selective synapse formation and stabilization that determines
physiological response properties such as orientation or direction
selectivity.
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